BACKGROUND: Newer circulating-water systems supply more heat than forced-air, mainly because the heat capacity of water is much greater than for that of dry warm air and, in part, because they provide posterior as well as anterior heating. Several heating systems are available, but three major ones have yet to be compared directly. We therefore compared two circulating-water systems with a forced-air system during simulation of upper abdominal or chest surgery in volunteers. METHODS: Seven healthy volunteers participated on three separate study days. Each day, they were anesthetized and cooled to a core temperature near 34°C, which was maintained for 45-60 min. They were then rewarmed with one of three warming systems until distal esophageal core temperature reached 36°C or anesthesia had lasted 8 h. The warming systems were 1) energy transfer pads (two split torso pads and two universal pads; Kimberly Clark, Roswell, GA); 2) circulating-water garment (Allon MTRE 3365 for cardiac surgery, Akiva, Israel); and 3) lower body forced-air warming (Bair Hugger #525, #750 blower, Eden Prairie, MN). Data are presented as mean Ϯ sd; P Ͻ 0.05 was statistically significant. RESULTS: The rate of increase of core temperature from 34°C to 36°C was 1.2°C Ϯ 0.2°C/h with the Kimberly Clark system, 0.9°C Ϯ 0.2°C/h with the Allon system, and 0.6°C Ϯ 0.1°C/h with the Bair Hugger (P ϭ 0.002). CONCLUSIONS: The warming rate with the Kimberly Clark system was 25% faster than with the Allon system and twice as fast as with the Bair Hugger. Both circulating-water systems thus warmed hypothermic volunteers in significantly less time than the forced-air system.
If not actively warmed, most surgical patients become hypothermic. Hypothermia results initially from an internal core-to-peripheral redistribution of body heat and, subsequently, from heat loss exceeding metabolic heat production. Perioperative hypothermia is associated with numerous complications, including coagulopathy (1,2), surgical wound infection (3, 4) , prolonged recovery and hospitalization (5) , nitrogen wasting (6) , and shivering (7, 8) . In addition, a decrease in core body temperature of just 1.5°C during surgery triples the incidence of ventricular tachycardia and morbid cardiac events (9) . Accordingly, it has become routine to maintain normothermia in surgical patients.
The efficacy of surface warming devices depends on heat transfer per unit area (efficiency) and the total surface area used for rewarming. Even inefficient warmers may prove adequate when considerable surface area is available for warming. Forced-air warming is an example; heat transfer per unit area is relatively low, but the devices are nonetheless effective in most patients because a large surface area is available for heating. Forced-air is also inexpensive and remarkably safe, and has therefore become the routine method of warming surgical patients.
There are, nonetheless, some operations in which forced-air warming often proves inadequate for maintaining normothermia. Prominent examples include major abdominal surgery in the lithotomy position, liver transplantation, polytrauma, major thoracic surgery, and off-pump coronary artery bypass grafting. The common element in each of these operations is exposure of a large amount of body surface (and therefore considerable heat loss by radiation, convection, and evaporation) combined with surgical considerations that restrict surface area available for warming. Warming IV fluids and increasing ambient temperature nearly always fail to maintain normothermia in such cases unless combined with active surface warming. Warming IV fluids is not very effective in maintaining normothermia by itself, especially when given at slow to moderate rates (Ͻ750 mL/h) as the fluid cools down to near ambient temperature in the standard length of the tubing (10) . However, warming fluids prevents fluid-induced hypothermia in patients given large volumes of fluids. Increasing ambient temperature generally needs to be combined with active surface warming to be effective.
Although forced-air warming is the most common method used to actively warm patients in the operating room, the heat content of a medium transferring heat is dependent on specific heat per unit mass of that medium. The specific heat to increase the temperature by 1°C is 4.18 J ⅐ g Ϫ1 ⅐°C Ϫ1 for water and 1.0035 J ⅐ g Ϫ1 ⅐°C Ϫ1 for air. Thus, water is a much more efficient medium than air to transfer heat per unit surface area. Conventional circulating-water mattresses, however, are nearly ineffective (11) and cause complications (12) . The newer warming devices use circulating-water garments or special direct conduction gel pads to improve local heat transfer efficiency. Among these are the Kimberly-Clark Patient Warming System (Kimberly Clark, Roswell, GA) and the Allon circulating-water garment (MTRE Advanced Technologies, Akiva, Israel). The Kimberly Clark Patient Warming System uses adhesive "energy transfer" pads with micro-channels for circulating water that can be applied to the back, thighs, chest, or any combination of the three, depending on the site of surgery. The Allon conductive heating garment is divided into separate segments for arms and thighs, which allows clinicians to cover different body surfaces depending on the site of surgery.
Previous studies suggest that circulating-water garments (13, 14) and energy transfer pads (15,16) maintain normothermia better than forced-air. However, these two major warming systems have yet to be directly compared. We, therefore, evaluated core rewarming rates with each of these new devices and compared them with the rewarming rate achieved when using a forced-air system.
METHODS
With approval of the Human Studies Committee at the University of Louisville and written, informed consent from the volunteers, we recruited seven healthy male volunteers aged 18 -40 yr in this threeway crossover trial. A research clinical coordinator recruited and enrolled the volunteers. Volunteers were excluded from the study if they were taking any medications; had a Body Mass Index Ն30; had a history of recent infection or fever; or had diabetes, thyroid disease, dysautonomia, Raynaud's syndrome, coagulopathy, neuromuscular disease, a skin rash, or any previous problem with general anesthesia.
Protocol
Volunteers participated on 3 days; each study day was separated by at least 48 h. They arrived at the study lab on each day near 7:00 am after fasting for at least 8 h. During the study, volunteers were minimally clothed (a pair of shorts) and ambient temperature was maintained at approximately 21°C-22°C. Volunteers wore a condom catheter throughout each study day.
On the first study day, volunteers were randomly assigned to one of the three heating systems: 1) Kimberly Clark energy transfer pads (2 split torso pads and 2 universal pads (Kimberly Clark Healthcare, Roswell, GA); 2) Allon circulating-water garment (MTRE 3365 for cardiac surgery, Akiva, Israel); or 3) Bair Hugger forced-air warming (#525 blankets, Model #750 blower, Arizant Healthcare, Eden Prairie, MN). On the subsequent study days, they were warmed with the remaining two systems, also in random order. The randomization sequence in which the heating systems were applied was computergenerated and maintained in opaque envelopes until just before the start of the protocol.
The Kimberly Clark energy transfer pads of appropriate size and Allon circulating-water garment were applied to or placed under the volunteers before positioning them on the operating room table. Standard ASA monitors were connected and baseline values were recorded. Before induction of anesthesia, the volunteers were asked to rest quietly in the cool study room until their mean skin temperature decreased to 31°C.
On each study day, anesthesia was induced with 2-4 mg/kg propofol and 2 g/kg fentanyl. Vecuronium or rocuronium was used to facilitate tracheal intubation. After intubation, the volunteers' lungs were mechanically ventilated at a tidal volume of 6 -8 mL/kg at a rate sufficient to maintain end-tidal carbon dioxide between 35 and 40 mm Hg. Anesthesia was maintained with isoflurane in 80% oxygen and 20% air. Muscle relaxant was titrated as necessary to maintain 1-2 mechanical twitches in response to supramaximal train-of-four stimulation at the wrist. The isoflurane concentration and fluids were titrated to maintain the Bispectral Index (Aspect Medical, Newton, MA) between 40 and 50 and mean arterial blood pressure (MAP) within 20% of its baseline value.
The volunteers were surface-cooled with either a circulating-water mattress (Cincinnati Sub-Zero, Blanketrol II hyper-hypothermia, Model 222) or forced-air using a prototype Polar Air that provides approximately 1000 L/min at 10°C, or both. Cooling was continued at a rate of 0.15°C-0.2°C per 5 min until core temperature approached 34°C. The isoflurane concentration was adjusted to maintain vasodilation (as defined below) during cooling to facilitate heat loss.
Isoflurane was discontinued once the core body temperature (distal esophageal) reached 34°C and was replaced with fentanyl at 2 g ⅐ kg Ϫ1 ⅐ h Ϫ1 and continuous infusion of propofol adjusted to maintain Bispectral Index near 40. The type of anesthetic was changed because vasodilation was no longer required to facilitate thermal equilibrium. Thermoregulatory vasoconstriction (as defined below) was maintained once the target core temperature of 34°C was achieved. This core temperature was maintained for 45-60 min to establish near steady-state thermal conditions. Subsequently, volunteers were actively warmed, per randomization, with the following systems:
• The Kimberly Clark system with four energytransfer pads: two torso pads on the back combined with a universal pad wrapped around each thigh ( Fig. 1) . Pads of appropriate size for the height of each volunteer were used. The pads comprise three layers: a biocompatible hydro-gel energy transfer media, a thin film barrier, and outer insulating foam. This system normally servo-controls to core temperature; however, in our study, it was set to its maximum temperature (42°C) to defeat the servo-control mechanism.
• The cardiac version of the Allon circulating-water garment (MTRE 3365) was positioned beneath the volunteers and then wrapped around the anterior surface so it covered the thighs, the pelvis and lower abdomen, and the upper arms. This system also normally is servo-controlled to core temperature; however, it was set to its maximum temperature of 42°C to defeat the servo-control mechanism in our study.
• Forced-air warming (Bair Hugger) using a #525 lower body cover that was secured with tape at the level of the umbilicus and, thus, covered the body from the waist down. The blower #750 was set on high, which is approximately 42°C. The products were applied as they would have been clinically for patients undergoing cardiac or major abdominal/thoracic surgery. As much of the volunteers' skin surface was as covered as possible with each system; however, the torso was exposed to the ambient environment from midabdomen to neck, mimicking the area exposed for major cardiac or abdominal surgery. The volunteers' arms were kept at their sides as if "tucked." On each day, the volunteers and the designated warming device were covered with a single layer of surgical drape from the mid-abdomen to the toes. Pressure points on the upper and lower limbs and the head were manipulated hourly to minimize the risk of injury; this included passively changing the position of the lower limbs.
• Core rewarming continued until the volunteer's esophageal temperature reached 36°C or total anesthesia time was 8 h. Anesthesia was discontinued if the total anesthesia time was 8 h even if the core temperature did not reach 36°C. The paralysis was then reversed with glycopyrrolate and neostigmine, and volunteers' tracheas were extubated. An IV antiemetic (4 mg of ondansetron) was given before reversal. Warming was continued after extubation in volunteers who were not already normothermic. Volunteers were taken home after they achieved an Aldrete score of 10 (17).
Measurements
Heart rate was measured continuously using electrocardiogram, and MAP was determined oscillometrically at 5-min intervals at the left ankle. A pulse oximeter continuously determined arterial oxygen saturation. End-tidal carbon dioxide and respiratory rate were also measured by capnography. Ambient temperature and relative humidity were recorded throughout each study day.
Vasoconstriction or vasodilation was determined by the forearm-minus-fingertip temperature gradient (18) . Vasoconstriction was defined by a forearm skintemperature gradient exceeding 0°C because that gradient is associated with onset of effective constraint of metabolic heat to the core thermal compartment (19) .
Temperatures were obtained using Mon-a-therm thermocouples (Tyco-Mallinckrodt Anesthesiology Products, St. Louis, MO). Core temperature was recorded from the distal esophagus and tympanic membrane. For the tympanic measurement, volunteers inserted the aural probe until they felt the thermocouple touch the tympanic membrane; appropriate placement was confirmed when volunteers easily detected gentle rubbing of the attached wire. The aural canal was occluded with cotton, the probe securely taped in place, and a gauze bandage positioned over the external ear. Mean skin surface temperature was determined from 15 areaweighted sites (20) . Temperatures were recorded from thermocouples connected to calibrated Iso-thermex 16-channel electronic thermometers having an accuracy of 0.1°C and a precision of 0.01°C (Columbus Instruments International, Corp., Columbus, OH). Individual and mean skin temperatures were computed by a data-acquisition system, displayed at 1-s intervals, and recorded at 1-min intervals.
Data Analysis
We planned that the primary outcome, rewarming rate, would be assessed with a repeated-measures analysis of variance (ANOVA) because all three warming devices were evaluated on each volunteer. Assuming a standard deviation of 0.12 for the within person difference between rewarming rates from device to device and a within person correlation of 0.45 for rewarming rates among devices, a sample size of seven volunteers achieved 92% power to detect a difference of 0.20°C in rewarming rates with ␣ ϭ 0.05 (21) .
Demographics of the seven participants are reported as mean Ϯ sd. Anesthetic management and other potential confounding factors were compared across the three study days with repeated-measures ANOVA. The major outcome for the study was the average rate-of-increase in core temperature from 34°C to 36°C as determined by linear regression for each of the three warming devices. Mean body temperature (MBT), the mass-weighted average temperature of all body tissues, was estimated from mean skin and core temperatures with the formula MBT ϭ 0.66 ϫ T Core ϩ 0.34 ϫ T Skin (22) . MBT was determined at 5-min intervals. Once again, repeated-measures ANOVA was used to compare rewarming rates of both the core temperature and the MBT with each of the three devices; P Ͻ 0.05 was considered statistically significant. Body heat content was derived from the MBT by using the specific heat of humans: 0.83 kcal ⅐ kg Ϫ1 ⅐°C
Ϫ1
. That is, we multiplied MBT by the weight in kilogram and specific heat to get body heat content in kilocalorie (23) . We then calculated the change of heat content from the beginning of heating as a function of time.
RESULTS
Volunteers participated in the study between January 21, 2005 and July 20, 2005. They were 27 Ϯ 1 yr old, weighed 82 Ϯ 14 kg, and were 177 Ϯ 3 cm tall. They had an average body mass index of 26 Ϯ 4 kg/m 2 . All seven participants completed the three days of the study. Anesthetic management was similar on each study day. Ambient temperature and humidity were also similar. Conditions during the control period preceding each warming treatment were comparable. Baseline MAP, heart rate, respiratory rate, and oxygen saturations were comparable on the three days (Table 1) .
Core temperatures were comparable and nearly constant at 34.0°C Ϯ 0.2°C before warming started on all three study days. During the first 30 min of rewarming, the average core temperature change was 0.4°C Ϯ 0.3°C with the Kimberly Clark system and 0.3°C Ϯ 0.2°C with the Allon system (Fig. 2) . In contrast, core temperature on the Bair Hugger day basically did not vary during this period with an average change of only Ϫ0.01°C Ϯ 0.26°C. The rate at which core temperature increased from 34°C to 36°C was 1.17°C Ϯ 0.23°C/h with the Kimberly Clark system, 0.92°C Ϯ 0.16°C/h with the Allon system, and 0.56°C Ϯ 0.10°C/h with the Bair Hugger system. The warming rate on the Kimberly Clark day was 25% faster than the Allon system day and twice as fast as the Bair Hugger system day. The core temperature rate-of-increase with each warming system differed significantly (P ϭ 0.002, Fig. 3 ). Mean skin temperature during the warming phase was 33.1°C Ϯ 0.9°C on the Kimberly Clark day, 33.7°C Ϯ 0.4°C on the Allon day, and 33.3°C Ϯ 0.9°C on the Bair Hugger day.
An increase in back temperature has been associated with several hazards including superficial and deep burns, especially with devices providing posterior warming. We, therefore, separately analyzed the increase in the temperature of the skin on the back. The Kimberly Clark system increased the temperature of the skin on the back by 5.3°C Ϯ 1.3°C, and the Allon device comparably increased the temperature by 5.3°C Ϯ 1.2°C. The maximum back temperature was 39.2°C Ϯ 0.4°C on Kimberly Clark day, 38.3°C Ϯ 0.4°C on the Allon day, and 34.3°C Ϯ 1.2°C on the Bair Hugger day. The average temperature of the skin on the volunteers' backs was 37.7°C Ϯ 0.6°C for Kimberly Clark day, 37.2°C Ϯ 0.5°C for the Allon day, and 33.2°C Ϯ 1.3°C for Bair Hugger day.
The rewarming rate for MBT for the Kimberly Clark system was 1.34°C Ϯ 0.44°C/h (Fig. 4) . The Allon water garment increased the MBT at the rate of 0.94°C Ϯ 0.23°C/h, and the Bair Hugger increased the MBT at the rate of 0.66°C Ϯ 0.13°C/h. According to repeated-measures ANOVA analysis, the rates at which the three devices warmed patients all differed significantly. The gain in total body heat content was greatest with the Kimberly Clark system (92 Ϯ 37 kcal/h [95% CI ϭ 58 -126]), followed by the Allon system (64 Ϯ 16 kcal/h [95% CI ϭ 48 -79]), and then the Bair Hugger (45 Ϯ 7 kcal/h [95% CI ϭ 38 -51]). Analysis with repeated-measures ANOVA indicated that all three values were significantly different (P ϭ 0.0014).
DISCUSSION
Because hypothermia causes so many serious problems, prophylactic intervention to maintain normothermia in anesthetized patients is now standard. The heat content of the warming medium, ambient temperature, the warmer-skin interface, and the available surface area determine the amount of heat lost or gained through the skin surface. Heat transfer from peripheral tissues to the core, in turn, depends on tissue insulation and circulatory convection of heat within the body. Thus, the efficacy of a body warmer depends on its own characteristics, the surface area available for heating, and part of the body that is heated.
Our primary result was that warming with the Kimberly Clark system was 25% faster than with the Allon system and twice as fast as with the Bair Hugger. This result is more or less consistent with our previous analysis of the Allon and Bair Hugger systems on systemic heat balance and regional heat distribution (13) , although the absolute values differed because methodology, especially the amount of skin that was warmed, differed. Core temperatures in the current study increased faster with circulating-water than forced-air, especially during the first hour, with the result that core temperature was 1.1°C Ϯ 0.7°C greater with the Kimberly Clark system than with forced-air after 2.5 h of warming.
Because anterior heat transfer is similar with the Allon and Bair Hugger systems, the difference between them is largely related to posterior heat transfer (13) . As the anterior surface available for warming is restricted by surgical considerations, the fraction of heating coming from posterior segments of the body increases. In our current model, designed to mimic surgical procedures with limited anterior surface available for active heating, posterior heating was presumably especially important.
The amount of heating that skin tissues tolerate depends critically on the amount of heat that can be dissipated to adjacent tissues. Movement of heat through human tissue depends largely on bloodborne convection rather than conduction (24 -26) . Sensitivity to thermal injury hence depends critically on local perfusion. The natural consequence is that pressure, which reduces local perfusion, markedly increases the risk of tissue damage (27) . The association of tissue pressure and active warming usually results from the weight of a patient's body combined with posterior surface heating, as from a circulating-water mattress. Water mattresses cause quite a number of injuries (pressure-heat necrosis or burns) (12, 28, 29) and have, as a consequence, fallen into disfavor, especially given their poor efficacy (11) . Although none of our volunteers displayed evidence of thermal injury on any of the study days, it remains likely that newer circulating-water systems that provide posterior surface heating also increase the risk of thermal injury. The maximum posterior skin temperature was 39°C with both circulating-water systems (30) . In contrast, forced-air systems heat only anterior, uncompressed skin and have a distinguished safety record. Very few cases have been reported of thermal injuries with forced-air warming, and almost never when the devices are used properly (31, 32) . Our volunteers were not obese, which is important because it is likely that the combination of temperature and pressure would increase the risk of thermal injury in obese patients having prolonged surgery. However, this study was not designed to evaluate the relative risks of thermal injury from the devices we tested.
Both circulating-water and forced-air systems begin to transfer heat across the skin surface immediately; furthermore, heat transfer remains relatively constant over time (33) . But as in previous volunteer studies (13) , there was a 30-min delay before forced-air heating began to increase core temperature. A similar delay is observed clinically (11) . Delayed core rewarming results from the time necessary to transfer heat from the skin surface to the thermal core, in other words, to overcome the insulating property of peripheral tissues. Functionally, insulation by peripheral tissues is increased by thermoregulatory vasoconstriction (34, 35) , but reduced by general anesthesia (36, 37) . General anesthesia seems to dominate thermoregulatory vasomotion, which is one reason that general anesthesia is a critical part of our model. It is likely that, under the circumstances of our study, there was only slight isolation of the core compartment. That core rewarming began immediately with the more effective circulating-water systems is consistent with the theory.
The Second Law of Thermodynamics specifies that heat can only flow down a temperature gradient. Peripheral tissues are usually 2°C-4°C cooler than the core (38) , which allows dissipation of metabolic heat from the core to peripheral tissues and, subsequently, to the environment. One might assume that surface heating first "fills" the peripheral thermal compartment to the point that peripheral tissue temperature exceeds core temperature, whereupon heat will flow to the core. However, this is not the case. Even with circulating-water garments, which transfer quite a bit of heat through the skin surface, average peripheral tissue temperature remains about 1°C less than core temperature (13) .
Core rewarming with clinically available surface warmers is largely from conserving the heat generated by metabolic heat production in the core compartment, because a 1°C gradient is insufficient to dissipate much heat to peripheral tissues. Constraint of metabolic heat, rather than direct transfer of heat from skin to the core, seems to be a general feature of cutaneous heating, although sufficient peripheral heating (such as warm water immersion) would surely reverse the normal core to peripheral thermal gradient. Of course systems, such as endovascular heat-exchange catheters (39) , directly heat the core compartment function more or less independently of the peripheral thermal compartment, although rewarming rates still depend on the amount of heat dissipated from the core to peripheral tissues.
That we studied volunteers rather than patients is both a limitation and strength. The limitation is that although we mimicked warming during surgery, cooling stress in patients is obviously greater because of heat loss from within large surgical incisions. Thus, rewarming rates in patients will likely be less than reported here with each type of system. Similarly, rewarming rates were greater in previous volunteer studies in which the entire torso was heated (13, 37) , rather than restricting heating to areas outside the torso. Also, patients have anesthetics and other drugs used for management of circulation. These fluctuations in perfusion during a surgical procedure may change the odds for thermal injury in patients. Thus, patient studies would be needed in the future for both safety and efficacy. On the other hand, we were able to test each system on each subject, which eliminated inter-individual variability, especially that resulting from different body morphology. Consequently, we were able to precisely determine the relative warming efficacy of each system.
In previous studies, we have quantified heat loss and production, which permitted us to calculate changes in body heat content. However, we have subsequently validated a formula for determining MBT from mean skin and core temperatures (22) . We thus used this method to determine the change in body heat content.
In conclusion, the warming rate of our volunteers with the Kimberly Clark system was 25% faster than with the Allon system and twice as fast as with the Bair Hugger. Both newer circulating-water systems were more effective for rewarming anesthetized volunteers than forced-air, with the Kimberly Clark system providing the fastest rewarming. However, both circulating-water systems are far more expensive than forced-air and both include posterior heating, which is inherently riskier than heating only the anterior surface of the body. Determining which system is most appropriate for a particular patient will require an individual assessment of the cost and the relative risks of hypothermia and thermal injury. But a reasonable approach would be to use forced-air warming in procedures where it is likely to maintain normothermia, and reserve newer circulating-water systems for operations involving large amounts of heat loss where only a small amount of skin surface remains available for warming.
